UNCLASSIFIED 


ReftAoduced 
^  the 


ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 
ARUNCTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA 


THE  ORIGINAL  PRINTING  OF,  THIS  DOCUMENT 
CONTAINED  COLOR  WHICH  ASTIA  CAN  ONLY 
REPRODUCE  IN  BLACH  AND  WHITE 


UNCLASSIFIED 


NOTICE:  When  government  or  other  drawings,  speci¬ 
fications  or  other  data  are  used,  .for  any  purpose 
other  than  in  co.nnection  with  a  definitely  related 
govemment  procurement  operation,  the  U.  S. 
Government  thereby  incurs  no  responsibility,  nor  any 
obligation  -v^atsoever;  and  the  fact  that  the  Govem¬ 
ment  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


c  3.  -  z  -sT' 


•AN  CARLO*.  CALironNIA  W 


REI^OCUcn:.M‘  •• 

original  M;V/  bv  -■-"-  ‘ 


''‘I'L  AST14 

.  AND  WrilTE. 

ii«  ASIIa  HEADquaHTJS^^^ 


PHENOMENA  OF  PENETRATION  IN 
LIGHT  WEIGHT  RIGID 
PERSONNEL  ARMOR  MATERIALS 


Final  Report  (Part  A) 
Dept,  of  Army 

Quartermasters  Research  and 
Engineering  Command 

Contract  DA-19-129-QJ^-157^t 


Beckman  &  Whitley,  Inc,  By; 

Research  &  Development  Division  J,  W.  Corcoran 

December  12,  I96I 
RD  63 


J.  M.  Kelly 


t- 

rH 


& 
H  a 


S’C 


-I 


w  r1  ® 

I  SM-UMV'On-P 

^rsS  «  9r(  a  .p  5  « 

>  tOr-t  d  fl  4*  i  ’P  £<  « 
<3  r*  A)  ^  Q..4  ft>  A)  tt 

^  ^  u  <Q  P  n  •  “ 

i? 


ap 


i  «  'C4  S  H  *0  <r 

-  -  .  ?  3.  f 


3-H^  0)^ 
_  _  .j  efr«^ 

CHvaca^fHC  >»e 

V  iTrH-HO  OO)  O 

UP  OrHP  t<  CP  •  o  ^ 

H  <u  a  >i«  o  o  tt>  ttfvi 

P  C  T<  O  i-l  i  t>  13  4>  P 

0.C  ^  P  « 

«)P  Pi3  «p  c  aw  « 
■oontiCe  i-tOt<*- 
---^aaP  w_ 

5‘5»  • 


OP 

.aC 

*0  o  V 


H  ^  P 

«  a  c 

c  p  o 


o  o  o  « 

"^-ri  A 

OP4><-IPti-  -  -  - 

a^5^g5;l5^2i.|5 

V  A  EJTPP 
C  bOM  n 

ACC  »  -H  a 
n-H*H  g  oi:  p 
.ri«u  pp3c  ca 

P>  4)«hOOC  PP 

S3«-^°S&1'““SS 

POPPnEBawMPc 

pawppPHOaop 

w  p  a  a  p  g 
OotiOuiQtt  cpoS  • 

AQ^OPOVDOmPHO 
EPpS  PrtVPO  a« 

8  a^  WPP  p  PAD  a 
C,cB  oppaapoarx 
tto  o  ooMp£«a^<Q 

p  C.P«««pC«A3  Q 
Cap  p'nT>{4  u  a3\o 

aC  vabboaaaof^ 
^DcaaftaoDPi^H 


p^  I  w  w 
£W  C  O  I  o 

M  P  b  (h  O 

opo  i  gapaoDaP 
DHQ4)Sp3  PQB 
p  o{<Hpoi:a£po 
>  ^P  BE  p  8  p  b  0) 

SC  4)  H  UP  .  o  pa 
poCHaaayiE  a\ 
AP  ^P  C  I  C  O 
oC  oDPapapo 
oaaapcrH4>CPpg\ 
paCDtdPDPCON 
E  -DD  33BFp 
CPoacappC  f»»B 
4)  CPPO  UO  S 

^^aPOHP^iCP  ‘Vm 

ao  c>»acooacw 

PHCPOrlEODOP 

C4  p  p  A  &  P  a 

0  4^  PTs  aptiawa 

Dua.  C^CE  HOC< 
cwag^SBP  • 


<  o  P 


_  - . ,  -,  C  XI  D  a  C 

8P4IPPM  .'oao 
<-<(sagpaQVPC 
-  .o3hpc, AgP 

.  P  M 


^  _  . .  .  o  p  a  { 
WHCXiaaoai  r.  .. 
^OfDE^a  CBXJPP 
u  >  ctAbOa  U)aa 
ox,  ACC  *P4) 

aop  •apPEoc  p 
pao  ppac  ca 
p>  uwcuc  pp 


asEowapc 

. 'OOP 

3o1 


H  P  H  O  { 


o  o  X.Q  0  a  a  cp  . 

;COQPOa>DOX,p 

SPPP  PHOPO 

A  P  P  P  P  Ad 

Eh  C  “  -  - - 

to  0 


A  P  p  P  p  A  w 

::b  oppcao  oat  x 
_  3  O  O  O  Bp  C  O  Eh  c? 
p  x.paoo?xiA3  fi 
Cap  p  ■o'D  u  o  arvJS 
APEOpppUaHaCM  •. 
-‘ioaCCoodgOP't 
BaOAAoDPBCUH 


■E  D  I 


«> 


Si! 

v;e  . 

P^  s 

■3^  . 

OOP 

w 

D 

a  >  c 


o  a  o  a 

p  o  -1  t. 

a  »J  o 


c  r-  ■ 

S' 

M 

•s  <  h 


M  SfeS 

<  PCh< 


'o  i^apavDap 
QpSpa  Ppa 


in  o 

O  P 

I  w 


r 


3p  a  ^  - 
>  M«=t  4  "S  ^  p  L 

O  C  OP  O.P  O  p  «. 

upojCHaaatOB  ax 
AP  ^p  a  •  ** 


p  p 

ga  c 
p  o 


oDPnpaD^ 


D  D  3  3  L  .  .  . 

CP  o  3  c  app  C  >,e 

O  XEPP  V  0  0-0 
CifOPOPPCCP  tOU 

ao  c>>aooa.'aj::w 
ppCpopEod  op 
c  p  'H  a  c  p  n 
OP  P'7  apx.awo 
T'OUt.Cg  ►-<Ot'OP 

roooarp  w  a 

JJ->,r<A  CC  130t. 

o  p  o  p  p  u  •  r"  f-'  o 
»io-t£<aEpaooPC 
aAc  t>3ppjcAap 
»  ooPH  opoEa 
wpfX'aaoc  px. 
•fcOOf'O  CECpp 
X.  >  C  u  U)  o  t.''  n  n 
OC  ACC  »Pi' 

50 ■»5  •appEojc  p 
T^ac  pp?c  ca 
p>  cwuoc  pp 
n  a  -c  o  a  ap  a  «  a  E 
c.  j:  w*'>.  A  AE  p  7 

.t>«r><4>nEE3v«a4.  c 

A.  awppppox  Op 
w  P  a  a  p  E 

c  V  4-  r.  o  a  a  r  p  o  3  • 
j3  :  ■  o  A  ',  o  o  t*  o  X.  p  p  o 
EpPO  HP4PO  aC' 
a  a^-wppPPAt 
X.  c  E  oppaaooa:'^ 
K  o  o  o  o  tjp  x<  a  f  •  o 
c  &p«aoe.3XiA3  o 
t.  a  o  p  A  Cl  --  xt 

AP  §  OP  o  o  A  OP  acu  ^ 
aCo3(«co«>aao' 
<DanaAAci'^p5cyp 


ft  >> 
6p 

as 

•  u 


a  ^  c 

o ,  a 

p  t- 
r-  fr  f. 


ir<  o 
o  P 
I  w 
O  P 


U  P  X.  U  0 
opQ  I  ■apao’oap 
DHOOSPO^POa 

>  UP  "a^°p!p?io 

AP  bOP  m  I  c  _  o 
OC  ODPMPaDp 
oaiapcpodPHd 
PAxocaTtDPCoc 
“  — j  a.iEpp 

:  a  A.  p  C  K I 


D  D  3  .1  E  Eh  P 
403CaA.pC 
CPrtO  OO  _ 

■SEaPupPCCP  •oC 

ao  csaoooacx^ 

..  -  —  .  ..  _,  P.  —  y  4., 


a 


o  7.  ^ 


>>(%  I 

o ;; 

P  [C  i  j 
p  X-  M 


o  § 


H  ,o  a 
a  a  c 
c  p  o 


A'  p  c  P  o  P  E 
C,  p  P  AX 
OP  p-n 
DoaccE  ''Ot-op 
c  o  o  o  a  r-p  w  a 

7‘  »-h  A  CC  'T'MX- 

gp  O  P  P  U  .'no 

p  (.  a  E  p  a  o  o  P  c 

MAO  OSPPCAMP 
5  oopp  oPaEd 
wHCcaaoo  px. 
.'ioof'O  x:ec.->p 
X.  >  C  U  »C.  a  _  '.'  a  a 

ox.  A  iT  n  5  p  o 

50 A'  .ap^igoC  P 

pao  p*»nc  CM 
A>  >  o  w  o  o  L'  p  p 
xiM  oaoMo  -  saaE 
4  C  X’J  A  fX  ‘4  P  3 

POPPnEli'3Wa  ^C 

M  awpp-«H  o  i.  op 
w  p  a  a«-(d 
O  O  t.  O  O  a  C.  C  A»  C"  3  ■ 
CCQPO6''*0X.PPO 

Gppo  ppopo  mo 

M  ap  W  p  p  •*»  P  f. 

x*CE  oppaAc.-.' 
uo  o  ooUpx.«f'Q 
p  X.  p  li  4  o  3  t.  A  n  5 

^  M  O  P  '  •.•'1  t-  o  -.'Z 

AP  EoPpox,apac*j 

Mcoaccooaac' 

•^caaijAAo*^  ■ 


.nc. 

•AN  CANLOS.  CALIFOdNIA  f 


PHENOMENA -OF  PENETRATION  ' 
LIGHT  WEIGHT  RIGID 
PERSONNEL  ART'IOR  MATERIALS 


Final  Report  (Part  A) 
Dept,  of  Army 

Quartermasters  Research  and 
Engineering  Command 

Contract  DA-19-129-QPl-157^l 


Beckman  &  Whitley,  Inc.  By: 

Research  &  Development  Division  J.  W.  Corcoran 

December  12,  I96I 
RD  63 


J.  M.  Kelly 


RD  63 
12-12-61 


TABLE  OF  CONTENTS  Page 

Abstract 


I  Introduction  1 

II  Aluminum  Plate  Tests  8 

III  Conjugated  Armor  21 

IV  Yield  Stress  Determination  at 

High  Strain  Rates  25 

V  Conclusion  3I 


INC. 


Bibliography 


RD  63  iMchmK  i-rwhmtu , 

12-12-61  ■AN  CAItLO*.  CALIFORNIA  W 

TABLE  OF  FIGURES  RolJ  owlnf;  IM.r,'- 

Fig.  1.1.  Color  Schlleren  Records  of  Impact  of 

Aluminum  Cylinder  on  Lucite  Block  5 

Fig.  1.2.  Optical  Arrangement  for  Color  Rchlier- 

en  Records  6 

Fig.  1.3.  Dllatational  and  Shear  Waves  In  Im¬ 
pacted  Block  6 

Fig.  2.1.  Dynafax  Record  of  Projectile  Impact 

on  Aluminum  Plate  (Shot  No.  28)  8 

Fig.  2.2.  Elastic  Strain,  Computed  from  Ratio 
of  Velocity  of  Reflected  Projectile 
to  Rod  Sound  Speed,  as  a  Function  of 
Initial  Velocity 

Fig.  2.3.  Explosive  Projectile  Launcher  12 

Fig.  2.4.  Framing  Camera  Record  of  Projectile 
Impact  on  Aluminum  Plate  Used  to  De¬ 
termine  Free  Surface  Velocity  12 

Fig.  2.5.  Streak  Camera  Record  of  Projectile 

Impact  on  Aluminum  Plate  (Shot  No.  75) 

Fig.  2.6.  Shock  Propagation  in  Idealized  Impact 

of  Two  Similar  Materials  12 

Fig.  4.1.  Charge  Configuration  for  Producing 

High  Strain  Rates  26 

Fig.  4.2.  Framing  Camera  Record  Showing  Shock 

and  Rarefaction  Waves  in  Longitudinal  26 
Section  of  Charge 

Fig.  4.3(a)  Idealised  Stress-Strain  Curve  2? 

(h)  Plot  for  Determining  Elastic  Modulus 
(c)  Plot  for  Determining  Yield  Stress 


INC. 


KD  63 
12-12-61 


Following  Page 


Pig. 

4.4. 

Arrangement  of  Test  Apparatus 

28 

Fig. 

4.5. 

Framing  Camera  Record  of  Cylinder 
Expansion 

29 

Fig. 

4.6. 

Plot  of  Velocity  Squared  Against 
Displacement  of  2024  t4  Aluminum 
(Shot  No.  112) 

29 

Fig. 

4.7. 

Plot  of  Plastic  Yield  Stress 

Against  Strain  Rate  for  2024  t4 
Aluminum 

29 

RD‘63 

12-12-61 


■AN  CARLO* 


ABSTRACT 


A  program  of  test  work  was  undertaken  to  provide 
data  on  the  behavior  of  projectiles  Impacting 
light  armor  materials,  at  velocities  In  the  range 
1000  ft/sec  to  4000  ft/sec.  The  report  Includes 
the  results  of  tests  of  spherical  and  cylindrical 
aluminum  projectiles  Impacting  aluminum  plates 
and  similar  projectiles  Impacting  a  light  armor 
built-up  out  of  corrugated  aluminum  sheets.  It 
concludes  with  a  description  of  a  new  method  for 
determining  material  properties  at  high  strain 
rates.  This  method  was  used  to  obtain  estimates 
of  the  yield  stress  of  2024  t4  aluminum  at  strain 
rates  from  2900/sec  to  13, 600/ sec. 
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I .  Introduction 

Tests  have  been  carried  out  to  study  the  behavior 
of  light  armor  materials  subjected  to  high  speed 
Impact.  The  tests  fall  Into  two  main  classes,  one 
concerned  with  the  penetration  of  the  armor  mater¬ 
ial  by  the  projectile,  the  other  being  a  study  of 
simulated  wound  damage  using  gelatin.  The  final 
report  has  thus  been  divided  Into  two  separate 
sections,  the  first  being  the  armor  penetration 
study  and  the  second  section  covering  the  gelatin 
cavitation  study. 

The  study  of  Impact  processes  has  received  Increas¬ 
ing  attention  In  recent  years.  The  physical  pheno¬ 
mena  associated  with  the  Impact  process  such  as 
cratering,  spalling  and  penetration  are,  at  least 
qualitatively,  understood.  Extensive  data  has  been 
obtained  from  experimental  work  which  enables  em¬ 
pirical  formulae  to  be  fitted  to  these  phenomena. 

Conversely,  the  level  of  theoretical  work  Is  not 
yet  very  great  due  to  the  complexity  of  the  mechanics 
of  the  Impact  process.  The  Impact  of  a  solid  pro¬ 
jectile  on  a  target  leads  to  a  complex  combination 
of  elastic  and  plastic  deformation,  fluid  flow  and, 
for  extremely  high  velocities  of  Impact,  explosive 
conditions.  For  different  Impact  velocities  (see 
Hopkins  and  Kolsky  (l)j)  one  or  more  of  these  var¬ 
ious  types  of  behavior  will  be  dominant  and  It  Is 
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convenient  to  subdivide  the  process  into  sections 
dependent  on  the  type  of  mechanical  behavior  which 
predominates.  For  a  particular  choice  of  project¬ 
ile  material  and  target  material  these  sections 
can  be  associated  with  a  range  of  impact  velocity 
and  the  following  table  gives  examples: 

Type  of  Impact  Velocity  *  Range 


1  Elastic 

2  Plastic 

3  Hydrodynamic 

4  Sonic 

5  Explosive 


0  <  V  <  200  f.p.s. 

200  <  V  <  2000  f.p.s, 
2000  <  V  <  16000  f.p.s. 
16000  <  y  <  28000  f.p.s. 
28000  <  V  <  80000  f.p.s. 


*  For  Aluminum  on  Aluminum  impact. 

All  figures  approximate. 

The  tests  which  have  been  carried  out  under  this 
contract  fall  Into  the  plastic  regime  In  the  case 
of  the  aluminum  plate  tests  and  Into  the  hydrody¬ 
namic  regime  In  the  gelatin  tests. 

In  the  elastic  regime  the  stresses  nowhere  exceed 
the  elastic  limit.  The  Impact  velocities  are  low 
and  If  the  target  body  Is  of  bounded  extent  the 
elastic  waves  set  up  In  It  serve,  by  means  of  mul¬ 
tiple  reflections  at  the  target  boundaries,  to 
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produce  a  quasi-static  stress  distribution  in  a 
time  which  is  of  the  order  of  the  impact  duration. 

It  has  been  shown  by  Hunter  (2)  that  not  more  than 
1^  of  the  available  kinetic  energy  of  the  project¬ 
ile  is  lost  during  elastic  Impact  and  the  remainder, 
stored  as  elastic  strain  energy,  is  restored  to  the 
projectile  causing  it  to  rebound. 

In  the  plastic  regime  a  portion  of  the  kinetic 
energy  of  the  projectile  is  converted  into  heat  by 
plastic  deformation.  As  the  velocity  of  Impact  in¬ 
creases  this  portion  becomes  a  progressively  larger 
percentage  of  the  incident  kinetic  energy  and  the 
Influence  of  the  elastic  deformation  less.  For 
aluminum  on  aluminum  impact  this  regime  extends 
from  200  ft/sec  to  2000  ft/sec. 

Most  of  the  analyses  which  are  available  for  prob¬ 
lems  in  this  regime  have  used  the  rate  Independent 
theory  of  plactlcity,  a  theory  which  has  been  so 
successful  for  static  problems  that  attempts  have 
been  made  to  extend  it  to  dynamic  problems.  It 
has  been  applied  to  the  Impact  of  rods  on  rigid 
blocks  and  to  the  behavior  of  beams  struck  by  pro¬ 
jectiles.  It  has  proved  useful  only  in  these  sim¬ 
plified  cases;  its  extension  to  more  complex  prob¬ 
lems  has  shown  serious  shortcomings,  mostly  related 
to  the  assumption  that  the  yield  stresses  are  in¬ 
dependent  of  strain  rate.  It  is  known  that  the 
yield  strength  of  metals  is  sensitive  to  the  strain 
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rate.  To  Improve  on  the  analysis  some  authors  have 
added  a  viscous  term  to  the  perfectly  plastic  model. 

A  summary  of  analyses  of  this  kind  Is  given  by 
Crlstescu  (3)  and  Goldsmith  (4). 

Concurrent  with  the  experimental  work  reported  here, 
Is  a  theoretical  study  of  dynamic  plastic  deforma¬ 
tion  by  L.  E.  Fugelso  (5)  of  American  Machine  and 
Foundry  Corp. 

In  this,  Fugelso  has  obtained  analytical  and  numeri¬ 
cal  solutions  for.  the  behavior  of  a  half  space  sub¬ 
jected  to  Impact  by  a  cylindrical  projectile  using, 
as  the  mathematical  model  of  material  behavior,  the 
assumption  that  the  material  deforms,  first  due  to 
elasticity  of  the  body  and  following  this  due  to 
the  motion  of  dislocations  under  the  applied  stress. 
Thus  the  medium  exhibits  an  Instantaneous  elastic 
strain  and  a  time  dependent  plastic  deformation. 

An  analysis  based  on  such  a  model  is  not  subject  to 
the  disadvantages  of  the  rate  Independent  plastic 
analyses.  Its  use  In  predicting  crater  formation 
Is  restricted  to  cases  where  convection  of  material 
from  the  immediate  zone  of  the  impact  Is  not  large. 
However  It  may  still  be  applied  to  regions  outside 
this  zone  even  If  considerable  convection  Is  present. 

In  the  hydrodynamic  regime  the  resistance  offered 
by  the  target  to  the  projectile  depends  to  a  much 
greater  extent  on  its  Inertia  than  on  Its  shear 
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strength.  The  stresses  which  are  Induced  exceed 
the  yield  stresses  so  much  that  the  rigidity  of 
the  material  may  be  neglected  and  the  material 
considered  as  an  Incompressible  fluid. 

It  has  been  found  that  this  concept  Is  a  useful 
one  and  may  be  used  over  a  wide  range  of  veloci¬ 
ties.  The  lowest  velocity  of  the  range  Is  the 
maximum  velocity  for  which  the  plastic  regime  ap¬ 
plies  and  the  highest  velocity  Is  usually  taken 
as  the  velocity  of  dllatatlonal  stress  waves  In 
the  target  material. 

When  the  velocity  of  the  projectile,  exceeds  the 
speed  of  dllatatlonal  waves  In  the  target  material 
a  new  regime  appears.  In  which  the  target  material 
Is  treated  as  a  compressible  fluid.  In  this  re¬ 
gime  a  true  shock  v;lll  occur.  The  analysis  of 
problems  In  this  regime  has  been  hampered  by  lack 
of  a  suitable  equation  of  state  for  metals.  How¬ 
ever  experimental  work  by  Rice,  Walsh  and  McQueen, 
(6),  has  provided  much  data  In  this  field  and  a 
pioneering  analysis  by  BJork  (7)  Is  available. 

When  the  Impact  velocity  becomes  large  compared 
with  the  sonic  velocity  the  quantity  of  kinetic 
energy  available  for  conversion  to  heat  Is  large, 
being  adequate  to  melt  and  vaporize  the  projectile 
and  the  portion  of  the  target  Immediately  adjacent 
to  It.  This  vaporized  metal  Is  compressed  In  the 
target  until  the  projectile  Is  completely  Imbedded. 
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Fig.  1.1  Color  Schlieren  Record  of  Impact  of 
Aluminum  Cylinder  on  Lucite  Block.  Initial 
velocity  of  projectile  3300  ft/sec.  Interval 
between  frames  3.33  M-sec. 


i 


RD  63 
12-12-61 


The  subsequent  expansion  is  equivalent  to  an  in¬ 
tense  explosion  within  the  target,  hence  the  name 
of  this  regime.  Hopkins  and  Kolsky  give  its  in¬ 
itiation  as  approximately  three  times  the  sonic 
speed  of  the  target  material.  We  will  not  discuss 
these  two  regimes  further  as  they  are  much  beyond 
the  limits  of  the  experimental  work  performed  un¬ 
der  this  contract. 

The  principal  phenomena  occuring  during  an  impact 
are  Illustrated  in  Fig.  ,1.1.  A  cylindrical  alumi¬ 
num  projectile  traveling  at  3000  ft/sec  is  shown 
impacting  a  block  of  Incite.  (A  transparent  tar¬ 
get  is  used  to  permit  observation  of  the  propaga¬ 
tion  of  the  various  stress  waves.)  The  picture  is 
taken  with  a  novel  color  schlleren  technique  (Fig. 
1.2)  which  Indicates  the  amount  and  direction  of 
the  deflection  of  light  v;aves  passing  through  the 
target.  The  use  of  this  technique  permits  unam¬ 
biguous  identification  of  these  waves. 

The  Impact  generates  a  longitudinal  (or  dilata- 
tional)  wave  and  transverse  (or  shear)  wave.  At 
its  point  of  contact  with  the  Surface  the  longi¬ 
tudinal  wave  generates  a  shear  wave  known  as  a  head 
or  trailing  wave  which  is  tangential  with  the  spher¬ 
ical  shear  wave.  Fig.  1.3  Illustrates  diagramatl- 
cally  these  waves  and  should  be  compared  with  the 
photographs.  The  shear  zone  is  seen  to  be  extremely 
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opaque  probably  due  to  considerable  fracture  In 
this  region. 

Pig.  1.1  may  be  considered  a  qualitative  confirma¬ 
tion  of  the  mathematical  model  developed  by  L.  E. 
Fugelso  for  the  study  of  Impacts. 
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II.  Aluminum  Plate  Tests 


The  first  phase  of  the  work  under  this  contract 
consisted  of  the  study  of  the  impact  of  project¬ 
iles  in  the  velocity  range  1000  to  4000  ft/sec. 

The  studies  Involved  both  spherical  and  cylindri¬ 
cal  aluminum  projectiles  striking  aluminum  plates. 

The  projectiles  were  fired  from  a  .300  Magnum  ri¬ 
fle.  The  cylinders  were  .300  in.  diameter  by  .300 
in.  long,  and  the  spheres  were  .300  in.  diameter. 

A  typical  record  obtained  with  the  I^nafeix  camera 
is  shown  in  Pig.  2.1. 

Data  obtained  from  a  series  of  such  shots  is  given 
in  Table  I.  The  impact  velocity,  the  velocity  of 
the  projectile  after  impact,  the  target  velocity 
and  the  spall  velocity,  if  any,  were  determined 
from  these  photographs.  Prom  this  data,  it  was 
possible  to  construct  a  momentum  balance.  It  may 
be  seen  from  the  Table  that  the  bulk  of  the  momen¬ 
tum  is  transferred  to  the  target  plate.  The  differ¬ 
ence  of  the  sum  of  the  momenta  from  zero  is  general¬ 
ly  a  few  percent  and  this  is  probably  due  to  errors 
of  measurement  of  the  target  plate  velocity.  This 
was  so  low  that  its  motion  was  barely  perceptible. 

An  analysis  of  the  energy  balance  indicates  that 
about  98^  goes  into  plastic  work  on  the  target  and 
projectile.  The  residual  kinetic  energy  of  the  pro- 
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Jectile  and  target  amount  to  1%,  and  the  elastic 
and  vibrational  energies  are  estimated  to  be  of  a 
comparable  order.  From  the  modulus  of  resilience 
using  the  limiting  elastic  strain  observed  In  the 
projectile,  the  maximum  elastic  energy  which  can 
be  stored  in  a  unit  volume  Is 

U  =  i  €^E  =  320  in  Ib/lri^  (2.1) 

If  a  volume  is  taken  equal  to  that  of  the  bullet 
plus  the  part  of  the  target  immediately  beneath  it, 
this  amounts  to  1.25  ft. lb.  or  significantly  less 
than  that  of  any  projectile. 

To  assess  the  stresses  and  strains  developed  In 
the  target  and  projectile,  two  essentially  Inde¬ 
pendent  calculations  are  possible; 

1.  From  the  Hugonlot-Ranklne  equations  for  shock 
waves  It  can  be  shown  that  when  similar  metals 
collide,  the  pressure,  P,  at  the  head  of  the 
shock  wave  Is ; 

P  =  I  Po  %  D  I  Po  0  (2.2) 


where  the  sound  speed,  c,  may  be  used  Instead 
of  the  shock  speed,  D,  providing  the  shock  is 
weak.  A  shock  may  generally  be  considered  weak 
if  the  particle  velocity  is  a  small  fraction  of 
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the  material  sound  speed,  and  this  Is  true 
In  these  experiments. 


Similarly  the  compression,  A  V/V^,  which  for 
plane  shocks  is  equivalent  to  a  one  direction¬ 
al  strain,  e,  is  given  by 


(2.3) 


Both  shock  pressure  and  sthaln  are  shown  in 
the  table. 

2.  From  the  depths  of  penetration,  x,  observed  in 
the  target,  and  the  initial  energy  of  the  pro¬ 
jectile,  it  is  possible  to  estimate  an  average 
force,  P,  necessary  to  stop  the  projectile; 

¥x  =  ^  mv^  (2.4) 


and  hence  an  average  stress  across  the  cross- 
sectional  area  of  the  projectile.  A; 


2Ax 


(2.5) 


It  may  be  seen  from  the  Table  that  the  average 
compressive  stress  is  about  of  the  shock  pres¬ 
sure  for  cylindrical  projectiles  and  about  25^  for 
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spherical  projectiles.  Such  a  difference  is  to  be 
expected  because  of  the  effect  of  side  rarefaction 
waves,  which  decrease  the  shock  strength  in  the  vi¬ 
cinity  of  the  point  of  Impact,  and  because  of  the 
rarefaction  waves  from  the  rear  of  the  target  plate 
which  cause  additional  forward  motion,  and  hence  an 
additional  displacement  of  the  target  surface.  The 
effect  of  side  rarefactions  should  be  more  pronounced 
in  the  spherical  geometry  than  in  the  cylindrical. 

It  may  therefore'  be  said  that  compressive  stresses 
in  Impacts  may  generally  be  estimated  on  the  basis 
of  simple  shock  theory,  and  that  the  depth  of  pene¬ 
tration  permits  an  estimate  of  the  average  stress 
over  the  period  of  Impact. 

The  duration  of  Impact  computed  from  the  initial  mo¬ 
mentum  and  the  average  compressive  stress  gives  du¬ 
rations  of  Impact  of  about  4  nsec.  This  is  in  close 
agreement  with  times  estimated  for  a  shock  wave  to 
pass  up  the  projectile  and  a  rarefaction  to  return 
to  the  projectile-target  boundary: 

t  =  ~  =  3  nsec  (2.6) 

(The  bar  velocity,  17,000  ft/sec,  is  used  because 
there  is  no  lateral  constraint.) 

The  target  thickness  used  in  these  tests  was  chosen 
so  that  in  most  cases  penetration  Just  failed  to  oc¬ 
cur.  The  projectiles  were  reflected  with  velocities 
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ranging  from  95  to  220  ft/sec.  From  this  velocl- 
tyj  the  limiting  elastic  strain  in  the  projectile 
may  be  estimated.  Consider  a  cylindrical  project¬ 
ile  which  has  been  Just  brought  to  rest  by  the  re¬ 
sistance  of  the  target.  Up  till  this  time,  the  tar¬ 
get  has  been  applying  a  force  to  the  front  of  the 
projectile  causing  a  compressive  stress  within  it. 
Upon  the  cessation  of  motion  this  stress  is  re¬ 
lieved  inducing  a  backward  motion  of  the  projectile. 
The  elastic  strain  energy  is  transformed  Into  kine¬ 
tic  energy; 


1/2  E€^  =  1/2  pv^ 


or 


(2.7) 


where  c  is  the  bar  sound  velocity,  17^000  ft/sec 
for  aluminum  and  €  is  the  maximum  strain  in  the 
projectile.  The  basic  hypothesis  is  that  the  com¬ 
pressive  stress  is  relieved  along  a  Hooke's  Law 
curve . 

In  Fig.  2.2  the  elastic  strain  is  plotted  is  a 
function  of  initial  velocity.  From  the  limited 
amount  of  data  it  would  appear  that  the  elastic 
strain  has  a  maximum  value  of  1.1^  for  impact  vel¬ 
ocities  of  about  2500  ft/sec. 
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FIGURE  2.3  EXPLOSIVE  PROJECTILE  LAUNCHER 


Fig.  2.4  Framing  Camera  Record  of  Projectile  Impact  on  Aluminum  Plate  used  to 
Determine  Free  Surface  Velocity  (Shot  No.  73).  Interval  between  frames,  4.11  usee 
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Fig.  2.5  Streak  Camera  Record  of  Projectile  Impact  on  Aluminum  Plate  (Shot  No.  75) 
The  Initial  veloclly  of  the  rear  svtrface  permits  determination  of  pressure  of  the  trans¬ 
mitted  shock.  This  type  of  picture  gives  a  continuous  record  of  events  along  a  ingle 
line  in  the  framing  record.  Fig.  2.4. 
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(,i)  I’ROJECTILn  INTO  HALF  SPACE 
(h)  PROJECTILE  INTO  THICK  PLATE 

(c)  PROJECTILE  INTO  PLATE  OP  SAME  TIIICKNE.SS 

(d)  PROJECTILE  INTO  THIN  PLATE 
(o)  LONG  NARROW  PROJECTILE 


*K.E.  -  KINETIC  ENERGY 
.S.C.E.  -  SHOCK  COMPRESSION  ENERGY 

- SHOCK  WAVE 

- RAREI'ACTION  WAVE 


FIGURE  2.S  SHOCK  P  RO  P  O  C  AT  I O  N  IN  IPEALIZEn  IMPACT  OP  TWO  SIMILAR  MATERIALS 
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In  addition  to  these  studies  with  the  Dynafax 
camera,  pictures  were  taken  with  the  Model  I89 
Framing  camera  and  a  Model  339  streak  camera  to 
assess  the  phenomena  occurring  during  the  brief 
•duration  of  Impact,  about  4  (xsec.  This  is  impos¬ 
sible  to  achieve  using  a  rifle  because  of  the  un¬ 
certainty  in  time  of  arrival  of  the  projectile  at 
the  target.  To  circumvent  this  dlfriculty,  an 
explosive  projectile  launcher  was  designed.  j 

(Fig.  2.3)  \ 

The  projectile  is  ImiJarted  a  velocity  which  may 
be  adjusted  by  varylr^g  the  amounts  of  explosive. 
Because  of  the  high,  and  reproducible,  rate  of 
detonation  of  the  explosive,  it  is  possible  to 
predict  the  time  of  arrival  of  the  projectile  at 
the  target  within  a  few  microseconds,  which  is 
necessary  to  achieve  proper  synchronization  with 
the  cajnera. 

A  series  of  pictures  from  a  Framing  camera  record 
are  shown  in  Fig.  2.4,  and  a  streak  record  is 
shown  in  Fig.  2.5.  The  latter  gives  a  continuous 
time  recording  of  the  events  occurring  on  one 
line  through  the  projectile  and  along  its  tra¬ 
jectory. 

I 

To  assist  in  Interpretation  of  these  records,  the 
various  shock  phenomena  occurring  during  an  Impact 
are  presented  in  an  idealized  form  in  Fig.  2.6. 
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It  Is  assumed  that  both  target  and  projectile 
are  the  same  material,  hence  the  particle  velo¬ 
city  within  the  shock  zone  is  exactly  1/2  the 
Initial  speed  of  the  projectile.  (Dissimilar 
materials  can  also  be  treated  by  Impedance  match¬ 
ing  techniques  in  a  more  complex  way.)  Also,  in 
the  first  four  figures,  the  effects  of  rarefactions 
from  the  peripheral  corners  of  the  bullet  are 
omitted  to  simplify  the  approach;  l.e.,  the  shocks 
are  treated  as  essentially  planar.  The  fifth 
figure  indicates  the  effect  of  the  rarefactions. 

The  general  sequence  of  phenomena  occurring  during 
an  Impact  of  a  broad  projectile  on  an  infinite  half 

space  are  shown  in  Pig.  2,6a.  Upon  collision,  one 

/ 

shock  wave  is  propagated  into  the  target  and  a 
second  back  into  the  projectile.  The  initial 
energy  of  the  projectile  is  divided  into  four 
equal  parts.  The  target  is  imparted  a  kinetic 
energy  per  unit  mass  of  v^  /8  and  a  similar  amount 
of  compressive  energy.  The  kinetic  energy  per 
unit  mass  of  the  projectile,  in  the  zone  between 
the  Interface  and  the  second  shock  is  reduced  to 
V  ^/8  and  it  also  contains  the  same  amount  of 
compressive  energy.  When  the  shock  wave  is  re¬ 
flected  from  the  rear  surface  of  the  projectile, 
as  a  rarefaction  wave,  it  decompresses  the  pro¬ 
jectile  and  leaves  it  with  zero  velocity.  The 
rarefaction  then  follows  the  shock  into  the  tar¬ 
get  and  the  Initial  energy  is  transmitted  as  a 
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pressure  pulse  with  an  associated  kinetic  energy 
of  motion.  The  distance  from  the  shock  to  the 
trailing  wave  is  twice  the  length  of  the  bullet. 

In  the  second  sequence  the  effect  of  the  rear 
surface  of  the  target  is  indicated.  When  the 
shock  wave  reaches  this  surface  it  is  reflected 
as  a  tensile  or  a  rarefaction  wave.  Internal  cavi¬ 
tation  or  spalling  is  induced  by  such  waves  if 
they  exceed  the  tensile  yield  stress  of  the  target. 

When  this  wave  meets  the  similar  wave  from  the  rear 
of  the  projectile,  a  zone  of  even  greater  tension 
develops.  This  may  occur  within  the  projectile,  at 
the  projectile-target  interface,  or  within  the 
target,  depending  on  whether  the  projectile  is 
longer  than,  equal  to,  or  thinner  than  the  target.. 
The  second,  third  and  fourth  sequences  indicate 
these  effects. 

Where  the  shocks  move  along  a  free  surface,  the 
material  is  free  to  move  laterally  and  lose  its 
shock  compression.  This  generates  a  rarefaction 
wave  which  moves  into  the  previously  shocked  zone. 
This  effect  is  Illustrated  in  the  fifth  sequence. 

It  is  primarily  because  of  these  waves  that  the 
original  shock  cannot  remain  plane,  and  decreases 
in  strength. 

The  laterally  expanding  material  from  the  bullet 
and  the  plate  collide  in  the  peripheral  zone  around 
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the  area  of  Impact.  This  induces  a  conical  Jet 
by  the  same  hydrodynamic  mechanism  occurring  in 
shaped  charges.  This  Jet  moves  at  a  speed  of 
twice  the  original  projectile  velocity. 

This  Jet  rapidly  obscures  the  projectile,  prevent¬ 
ing  direct  photographic  observation  of  the  shock 
waves  propagating  backward  through  it.  The  pre¬ 
sence  of  the  Jet,  however,  confirms  their  exist¬ 
ence. 

The  high  speed  camera  records  permit  a  determina¬ 
tion  of  the  initial  velocity  of  the  rear  face  of 
the  target  plate,  as  well  as  the  velocity  of  the 
projectile.  By  use  of  the  data  of  Rice,  McQueen 
&  Walsh  (6)  and  the  Hugonlot-Ranklne  equations  it 
is  possible  to  determine  the  pressure  of  the  in¬ 
cident  and  transmitted  shock  wave  in  the  target 
plate.  Table  II. 

It  may  be  noted  that  while  the  pressure  at  the 
point  of  impact  in  a  typical  shot  is  1550  ksl, 
the  pressure  at  the  rear  surface  is  reduced  to 
171  ksl.  This  reduction  is  due  to  the  combined 
effects  of  spherical  divergence  and  the  rarefac¬ 
tion  waves  which  emanate  at  the  periphery  of  the 
bullet. 

It  is  pertinent  to  note  that,  at  the  shock  pres¬ 
sures  of  interest  in  these  impacts,  aluminum  de¬ 
velops  a  double  wave  configuration  as  described 
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by  Fowles  (8). 

The  first  wave  Is  an  elastic  wave  which  transmits 
a  peak  pressure  depending  on  the  yield  strength 
of  the  matei’ial.  The  second  wave  is  a  plastic 
wave  propagating  at  a  lower  velocity  than  the 
elastic  wave.  As  the  shock  pressure  Increases 
the  plastic  wave  velocity  reaches  the  value  of  the 
elastic  wave  velocity  and  the  two  wave  structure 
disappears. 

The  value  of  the  elastic  shock  pressure  may  be 
estimated  in  the  following  way.  The  stress-strain 
relation  for  an  elastic  solid  is: 

®ij  “  ^^®1J  ^®kk  ®ij 

where  is  the  stress  tensor 

is  the  strain  tensor 
6^j  is  the  kronecker  delta 
and  [i,  X  are  the  Lam*  elastic  constants  of  the 
material. 


Since  the  stress  state  in  a  plane  shock  is  uniaxial 
compression,  the  stress  tensor  takes  the  form 


’IJ 


(2.9) 
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The  Tresca,  or  maximum  shear  stress,  yield  condi¬ 
tion  in  this  notation  takes  the  form 


®11  "  *^22"  *^33 


<  Y 


(?.io) 


where  is  the  yield  stress  in  simple  tension. 


Hence  ((2M-  +  ^)  -  ^)^11  ~ 


(2.11) 


When  yielding  commences 


11 


_Y 

2H 


(2.12) 


Thus  Pg  the  elastic  shock  pressure,  is  given  by 


^e  =  ■  "11  “ 


(2M-  +  M  Y 

2U 


(2.13) 


For  2024  A1  the  values  of  \i,  X,  y  are  approximately 
as  follows; 

TO  P 

M.  =  2.5  X  10’"’^^  newtons/m 

•  TO  P 

X  =  6.1  X  10”  newtons/m 
Y  =  40,000  p.5.1. 


Thus 


Pg  =  88,800  p.B.l. 


(2.14) 


/ 
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The  difference  in  velocity  between  this  elastic 
wave  and  the  plastic  shock  wave  is  extremely  small. 

It  is  at  its  maximum  where  the  plastic  wave  has 
its  least  intensity  which,  due  to  the  effects  of 
spherical  divergence  and  rarefactions  already  dis¬ 
cussed,  occurs  at  the  lower  face  of  the  target. 

Here  the  difference  is  only  between  5.^5  mm/(isec 
for  the  shock  velocity  and  6.4  mm/M-sec  for  the 
elastic  wave  velocity.  The  difference  in  the  time 
of  transmission  of  the  two  waves  through  the  l/2" 
thick  plate  will  thus  be  0.3  p.secs,  which  is  not 
detectable  in  the  record. 

Perhaps  the  most  striking  phenomena  indicated  in 

Table  I  is  the  large  amount  of  energy  absorbed  by 

the  target  and  projectile.  The  energy  absorbed 

per  unit  volume  has  been  computed  on  the  basis 

that  this  volume  is  that  of  the  projectile  plus 

a  volume  of  plate  twice  the  projectile  diameter 

and  normal  thickness.  Inspection  of  target  plates 

indicates  this  is  a  reasonable  estimate  of  the 

zone  affected  by  the  impact.  These  quantities 

are  given  for  the  more  energetic  Impacts  in  Table  III. 


TABLE  III 

Shot 

No. 

Energy  Vol. 
in  Ib/ln^ 

Temperature 
Rise  ®C. 

31 

18,900 

51 

28 

42, 500 

114 

29 

35,000 

94 
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A  typical  value  for  the  energy  absorption  of 
2024  aluminum  at  low  strain  rate  Is  9OOO  In- 
Ib/ln^,  or  about  one  fourth  that  observed.  It 
should  be  noted  that  tests  28  and  29  are  at  sim¬ 
ilar  velocities,  3400  ft/sec,  and  that  the  first 
target  was  penetrated  and  the  second,  which  was 
thicker  (3/8"  vs  1/4")  was  not. 

The  temperature  rises  corresponding  bo  the  plas¬ 
tic  work  have  been  computed  and  are  also  shown 
In  Table  III.  An  attempt  was  made  to  measure 
such  rises  experimentally  by  using  Templlaq  paint 
on  the  rear  surface  of  the  target.  Exposure  to 
temperatures  above  a  specified  value  causes  an 
Irreversible  chemical  reaction  which  Is  Indicated 
by  color  change  In  the  paint.  No  such  change  was 
observed  In  these  tests.  The  only  explanation  at 
present  Is  that  the  temperature  drops  by  conduc¬ 
tion  too  rapidly  for  the  chemical  change  to  occur. 


INC. 
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III.  Corrugated  Armor 

A  great  deal  of  development  work  has  been  done  on 
light  weight  structures  for  aircraft  panels.  A 
common  structural  form  is  the  sandwich  plate.  Two 
thin  sheets  of  metal  are  separated  by  a  lightweight 
shear  core.  The  yield  strength  of  such  panels  Is 
of  the  same  order  as  the  yield  strength  of  the 
solid  section  of  the  same  depth  but  Its  weight  Is 
much  less.  It  has  been  speculated  that  such  struc¬ 
tures  might  be  extended  ,  to  dynamic  loading  as  In 
lightweight  armor.  Such  an  extension  is  reasonable 
In  the  light  of  experimental  work  done  on  what  Is 
known  as  the  "Wlpple  Bumper".  It  was  shown  by 
Olshaker  (9)  that  the  penetrating  power  of  a  high 
speed  projectile  Is  greatly  reduced  (by  factors  up 
to  1/3)  when  a  thin  plate  of  material  is  placed 
before  the  target.  It  Is  conjectured  that  the  Im¬ 
pact  with  the  thin  plate  sets  up  shock  waves  In 
the  projectile  which  tear  It  apart  before  It  reaches 
the  main  target,  the  individual  parts  having  less 
penetrating  power  than  the  complete  projectile. 

In  an  attempt  to  determine  whether  such  a  mechan¬ 
ism  could  be  achieved  in  built-up  armor  a  small 
series  of  tests  were  performed.  Aluminum  foil  of 
the  household  variety  was  given  a  corrugated  shape 
by  rolling  In  pinion  wire  and  enough  sheets  to  give 
a  weight  per  unit  area  of  .025  Ib/ln  (equivalent 
to  a  1/4"  sheet  of  aluminum  previously  tested)  were 
laid  on  top  of  each  other,  the  foils  being  placed 
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SO  that  the  successive  sheets  had  their  corruga¬ 
tions  perpendicular.  The  strength  of  this  mate- 
rial  was  measured  to  be  11,000  Ib/in  .  Two  tests 
using  this  material  and  a  third  test  using  0.012  in. 
sheets  of  2024A1  similarly  corrugated  were  per¬ 
formed. 

The  projectiles  were  O.3OO"  dia.  x  O.3OO"  cylinders 
of  2024  t4  aluminum  and  the  charge  was  chosen  to 
give  a  projectile  velocity  about  that  which  a  1/4 
inch  aluminum  plate  would  stop.  The  results  of  the 
three  tests  are  included  in  Table  IV. 

Clearly,  under  these  test  conditions,  the  corrugated 
material  is  less  effective  than  the  solid  section. 

On  the  basis  of  these  tests  and  in  the  light  of  the 
results  of  Olshaker  it  is  felt  that  an  improvement 
in  the  performance  of  this  type  of  armor  Is  only 
possible  if  the  sheets  are  farther  apart  and  the  pro¬ 
jectile  velocities  are  higher  to  allow  the  mechanism 
of  projectile  break  up,  already  mentioned,  to  take 
place.  It  would  also  appear  to  be  necessary  to  fix 
the  sheets  together  by  means  of  a  high  strength 
epoxy  resin  in  order  to  develop  transverse  shearing 
stresses  in  the  aluminum.  The  impact  velocity  has 
an  Important  Influence  on  projectile  shatter  and  it 
is  felt  that  the  velocities  here  are  too  low  for 
this  to  take  place.  The  criterion  for  such  failure 
is  that  the  Intensity  of  the  rarefaction  waves  set 
up  by  the  reflection  of  the  compression  wave  at  the 


-22- 


TABLE  IV  ANALYSIS  OF  CORRUGATED  ARMOR  RECORDS 


INC. 


SAN  CARLOS.  CALIFORNIA  f 


RD  63 
12-12-61 


free  end  of  the  projectile  should  exceed  the  ten¬ 
sile  strength  of  the  material. 

The  shock  equations  indicate  that  the  compressi¬ 
bility  of  any  material  Is  given  by  the  ratio  of  the 
particle  velocity  to  the  shock  speed 


m 

V. 


u 


D 


(3.1) 


If  the  compressibility  of  the  foils  is  taken  to  be 
unity,  then  the  shock  speed  must  exactly  equal  the 
particle  velocity.  On  this  basis  the  Ranklne- 
Hugonlot  equations  predict  that  the  pressure,  P,  at 
the  projectile  face  is 


P  =  Po  uD  =  Pq  u 


(3.2) 


where  Pq  Is  the  density  of  the  target. 


The  equation  of  motion  of  the  system  Is  thus 


„  du  ,,2 


(3.3) 


where  A  Is  the  area  of  the  projectile. 


Thus 


du  .  2 

™  a?  " 


(3.4) 


which  may  be  Integrated  to  give 


log 


u. 


u., 


AP, 


m 


•  L 


(3.5) 
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where  L  is  the  length  of  the  target  and  h  is  the 
length  of  the  projectile. 

Thus 

—  =  exp.  (-  )  (3.6) 

where  p  is  the  density  of  the  projectile. 

P 

Since  L  was  chosen  to  provide  a  surface  density 
equivalent  to  a  1/4"  solid  plate  the  quantity 


Po^ 

0.250 

P 

~  0.300  “  0.875 

(3.7) 

and 

d 

=  0.416 

(3.8) 

The  resulting  velocity  ratio  of  shots  No.  233>  234, 
is  close  to  this  and  those  of  shots  Mo.  286,  31, 
show  the  effect  Increasing  material  rigidity. 
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IV.  Yield  Stress  Determination  at  High  Strain  Rates 


It  was  mentioned  in  the  Introduction  that  one  of 
the  major  disadvantages  of  dynamic  plastic  analysis 
has  been  lack  of  information  on  the  dependence  of 
yield  strength  on  rate  of  strain.  In  impact  tests, 
where  the  strain  rate  may  be  extremely  high,  this 
factor  can  introduce  uncertainties  in  the  validity 
of  such  an  analysis.  Nevertheless,  surprisingly 
little  experimental  data  is  available  on  the  behav¬ 
ior  of  metals  at  high  strain  rates.  The  first  com¬ 
prehensive  tests  appear  to  have  been  done  by  Man- 
Joine  (10)  using  a  modification  of  a  standard  test¬ 
ing  machine.  He  obtained  test  rates  of  up  to 
10  /sec  but  examined  only  mild  steel.  Later  work 
was  done  by  Campbell  (ll)  using  a  machine  In  which 
a  cylindrical  specimen  was  impacted  by  a  dropping 
weight.  The  strains  in  these  tests  were  measured 
by  electrical  resistance  gauges.  The  maximum  strain 
rate  obtained  was  of  the  order  of  I5/ sec .  Aluminum 
was  examined. 

The  strain  rates  achieved  in  these  tests  are  for 
the  most  part  inadequate  for  use  in  problems  con¬ 
cerning  impact  by  projectiles  or  pressure  waves  on 
armor  plating.  Here  strain  rates  in  the  range  of 
1000/sec  to  10,000/sec  are  needed  and  for  this 
range  conventional  test  methods  are  of,- little  use. 
The  reaction  time  of  any  conventional  strain  measur¬ 
ing  device  would  be  greater  than  the  test  duration 
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at  such  strain  rates  and  hence  optical  methods  of 
measurement  are  necessary.  In  this  paper  a  method 
will  be  described  which  involves  such  strain  rates 
and  which  makes  use  of  high  speed  photographic  re¬ 
cording  to  determine  the  strain  and  strain  rates. 

The  method  given  here  was  described  in  a  proposal 
report  by  J.  W.  Corcoran  ( PR  719A,  Beckman  &  Whitley, 
Inc.,  Proposal  for  Experimental  Study  of  Impact  and 
Penetration  Phenomenon  in  Light  Armor  Materials). 

It  will  be  useful  to  describe  it  in  some  detail  here. 

A  thin  cylindrical  shell  of  the  test  material  is 
filled  with  water,  A  cylindrical  explosive  charge 
is  located  along  the  center  line  of  the  tube.  (See 
Fig.  4.1)  The  charge  is  Ignited  at  one  end  causing 
a  shock  wave  which  moves  outward  through  the  water 
striking  the  metal  and  accelerating  it  radially  out¬ 
wards.  The  shock  wave,  on  reaching  the  free  surface, 
reflects  with  change  of  sign,  propagating  a  nega¬ 
tive  pressure  wave  {  a  rarefaction)  back  into  the 
metal.  This  negative  pressure  causes  the  water  to 
cavitate  at  the  metal  water  Interface  a  very  short 
time  after  the  Impact  has  taken  place.  This  sequence 
of  events  is  clearly  shown  in  Fig.  4.2,  a  series  of 
high  speed  photographs  of  a  longitudinal  section  of 
a  specimen. 

The  tube  is  then  separated  from  the  water  and  moves 
under  its  own  inertia  losing  kinetic  energy  by 
plastic  deformation. 
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The  test  geometi’y  and  relevant  quantities  are  shown 
in  Fig.  4.1.  The  circumferential  strain  is  given 

Ar 

e  =  — 

The  stress  strain  curve  is  idealized  as  shown  in 
Fig.  4.3(a).  The  energy  balance,  on  a  per  unit 
volume  basis,  is  given  by 

I  P  (v^  -  =1^-^  Eede  + 

=  I  ^^1^  +  %  ■  ^1^ 

For  the  elastic  regime  this  equation  can  be  put  in 
the  form 


r 


Sude 


=  1  -  (4.2) 

o  pv^ 

which  indicates  that  the  modulus  of  elasticity  can 
be  obtained  from  the  slope  of  the  curve  shown  in 
Fig.  4.3(^'. 


If  the  elastic  energy  is  negligible,  equation  (4.1) 
may  be  written  as 


2S. 


-  V 


u 


Ar 


or 


pr 

2S 


=  1  - 


Pv 


u  Ar 


O  '  ■  o 

It  Is  seen  from  this  simple  form  that  the  graph  of 

velocity  squared  aga3.n5t  displacement  should  be 


(4.3) 

(4.4) 
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FIG.  4.3a  IDEALIZED  STRESS-STRAIN  CURVE 


FIG.  4.3b  PLOT  FOR  DETERMINING  ELASTIC  MODULUS 


FIG.  4.3c  PLOT  FOR  DETERMINING  PLASTIC  YIELD  STRESS 
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linear  as  shown  In  Fig.  4.3(c),  with  the  slope  of 

2S 

the  line  giving  the  coefficient  u  from  which 

Pv  ^ 


o 


it  is  a  simple  matter  to  compute  S^. 


The  rate  of  strain  Involved  is  easily  computed  from 


d€  _  V 
dT  r 


(4.5) 


and  thus  may  be  varied  by  adjusting  the  specimen 
diameter  and  the  initial  velocity.  This  initial 
velocity  may  be  estimated  from  the  formula  (12) 

-  r 

=  0.38  I  (— )^  -  1 

pw 


V 


(4.6) 


where  D  is 
pw  is 
pe  is 
r^^  is 
is 


the  detonation  velocity  of  the  explosive 

the  density  of  water 

the  density  of  explosive 

the  radius  of  cylinder 

the  radius  of  explosive 


It  is  possible  by  adjustments  of  the  charge  geo 
metry  to  vary  the  strain  rate  from  200/sec  to 
20,000/8ec . 


In  this  series  of  tests  a  Beckman  &  Whitley  Model 
189  Framing  camera  was  used.  The  camera  was  fo¬ 
cused  on  a  region  approximately  one  inch  square 
which  included  the  edge  of  the  tube.  Displacement 
of  the  tube  wall  was  measured  by  a  number  of  fine 
steel  wires  located  at  intervals  of  0.125"  between 
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machined  guides.  The  arrangement  Is  shown  In 
Fig.  4.4. 

Six  tests  were  performed  on  tubes  of  1",  2"  and 
3"  diameter,  at  a  number  of  mass  ratios.  A 
typical  record.  In  this  case  of  a  3"  diameter  tube. 
Is  shown  In  Fig.  4.5.  Relevant  date  from  the  re¬ 
cords  Is  listed  In  Table  V. 

A  typical  data  plot  Is  given  In  Fig.  4.6.  It  can 

2  Ar 

be  seen  from  this  graph  that  the  V  vs  —  curve 
Is  well  approximated  by  a  straight  line  over  a 
large  part  of  the  time  Interval  Involved.  This  In¬ 
dicates  that  the  Idealization  of  the  stress  strain 
curve  Is  Justified  In  this  range.  A  graph  showing 
the  variation  of  yield  strength  with  strain  rate  Is 
shown  In  Fig.  4.7. 

The  yield  stresses  observed  at  the  lower  strain 
rates,  31,000  Ib/ln  ,  are  lower  than  the  minimum 
static  yield  stress  given  by  the  manufacturer  (l3)j 
42,000  Ib/ln^.  The  probable  cause  of  this  differ¬ 
ence  Is  the  anisotropy  of  the  material.  Such  tubing 
Is  necessarily  drawn  In  an  axial  direction,  and 
when  tested  under  longitudinal  tension  might  be  ex¬ 
pected  to  exhibit  a  higher  strength  because  of  pre¬ 
ferred  grain  orientation  than  when  tested  under  a 
hoop  stress,  as  In  this  experiment. 

The  results  of  this  limited  series  of  tests  show 
that  the  method  has  considerable  possibilities.  It 
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FIGURE  4.6  PLOT  OF  VELOCITY  SQUARED  v/s  DISPLACEMENT  FOR  20  24  T 4  ALUMINUM 
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Is  simple  in  operation  and  in  analysis.  End  ef¬ 
fects  are  reduced  to  a  minimum  and  the  stress  dis¬ 
tribution  during  the  test  is  essentially  uniaxial. 
The  values  of  the  yield  strength  for  2024  T4  A1, 
are  seen  to  be  less  than  twice  the  static  yield 
which  is  in  accord  with  previous  work. 


RD  63 
12-12-61 


V.  CONCLUSIONS 


1.  Observations  have  been  made  of  aluminum  im¬ 
pacts  using  the  technique  of  high  speed  photo¬ 
graphy.  From  the  velocity  measurements  obtained, 
is  has  been  possible  to  construct  complete  momen¬ 
tum  and  energy  balances.  The  results  indicate 
that  the  pressures  and  compressive  stresses  exist¬ 
ing  during  Impact  may  be  estimated  from  standard 
shock  theory.  (More  precise  computations  of 
these  quantities  are  to  be  established  by  AMF  on 
the  basis  of  dislocation  theory'  in  a  complement¬ 
ary  contract.) 

2.  A  few  tests  have  been  made  on  corrugated  armor 
and  the  results  indicate  that  this  is  a  less  ef¬ 
ficient  form  of  construction  than  solid  armor. 

The  results  indicate  that  very  thin  foils  may  be 
treated  as  completely  compressible  material.  Even 
less  projectile  deformation  was  observed  with  cor¬ 
rugated  armor  than  with  solid  armor.  Projectile 
fragmentation  is  not  expected  to  be  significant 
for  velocities  below  3000  ft/sec  with  aluminum 
projectiles. 

3.  A  novel  technique  for  observing  the  proper¬ 
ties  of  materials  at  high  strain  rates  character¬ 
istic  of  Impacts  has  been  developed.  Results  ob¬ 
tained  on  2024  T4  aluminum  indicate  a  factor  of 
two  in  yield  strength  for  an  Increase  in  strain 
rate  from  10 v sec  to  10  /sec. 
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